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Abstract 

We consider hadronic transitions from the h\,{2P) bottomonium resonance to lower 
states of bottomonium with emission of either oj meson, or two pions, or rj meson. For 
the former two transitions the branching ratios are related to similar transitions from 
X6i(2P) and the recently measured by Belle fractions of the radiative decays of hb(2P). 
We argue that the fraction of the hb(2P) total decay rate remaining for the annihilation 
rate is on the verge of contradiction with the 'parton' picture of bottomonium anni- 
hilation resulting in similarity between the decays of hb(l,2P) and Xbi(^,2P). The 
contradiction gets even stronger, if the transition h\,(2P) — > T(lS)rj has branching 
fraction of a few percent or more. We argue that, although quite uncertain, the latter 
fraction may indeed be that significant. 



The spin-singlet P wave l P\ states of bottomonium hb(lP) and hb(2P) provide ample 
opportunities to study the QCD dynamics of heavy quarkonium. These resonances were 
observed by Belle [1] in two-pion transitions from T(5S) and also an evidence of the transition 
T(35) hb(lP) tt° was presented by BaBar [2]. The theoretical expectations for the masses 
and decay properties of these resonances were previously considered in the literature, and the 
most detailed compilation and discussion can be found in Ref . j3] . The theoretical treatment 
of the 1 Pi states is facilitated by their relation, within the nonrelativistic description of 
bottomonium, to the spin-triplet Xbj(lP) and Xbj(2P) states. The expected masses of the 
hb resonances are determined by the 'center of gravity' of the corresponding triplet states 
(and are in a remarkable agreement with the measured values), while the decay properties of 
the hb(lP) and hb(2P) particles are most naturally related to those of the corresponding 3 Pi 
bottomonium states Xbi(l-P) and Xbi(2P). Indeed, these latter J PC = 1 ++ resonances are the 
closest in mass to their spin-singlet counterparts, so that the kinematical differences in some 
decays are minimal, and also they share the property of having relatively small annihilation 
rates, since in the inclusive 'parton' picture of the annihilation both types of states annihilate 
in the order a 3 : Xbi and hb — > 3g, with g standing for gluon and q for a light 

quark. The straightforward theoretical picture with a similarity between the decay properties 
of the 1 P\ and 3 Pi has been recently put to test by the Belle data [I] on the dominant 
radiative transitions from the hb resonances. The reported branching fraction for such decay 
of the hb(lP) resonance, B[h h {lP) — > r] b (lS) 7] = (49.2 ± 5.7jl|;|)% arguably compares 
reasonably well (accounting also for a difference in the photon energy) with the known 
similar fraction for the X W (1P) [5J: B[x b i(lP) ->■ T(1S) 7 ] = (33.9 ± 2.2)%. However, the 
central values of the data jl] for the transitions form /i fe (2P): B[h b {2P) — > r] b (lS) 7] = (22. 3± 
3.8±H)% and B[h b (2P) r] b (2S) 7] = (47.5 ± 10.5j£?)% are significantly higher than for 
the spin-triplet 'analog' Xbi(2P) [5J: #[% 61 (2P) T(1S) 7] = (9.2±0.8)% and B[x b i(2P) -»■ 
T(2S*)7] = (19.9 ± 1.9)%. Indeed, the reported central values of the radiative decay rates 
for hb(2P) indicate that the annihilation decay rate T ann [hb(2P)} of the hb(2P) may be 
significantly suppressed in comparison with the rate expected from the similarity relation 
r ann [/i 6 (2P)]/r anri [/i 6 (lP)] = V ann [xbi{2P)]/T ann [xbi{lP)}- In this paper we quantify the 
possible contradiction with the similarity and argue that it gets even stronger, if the hadronic 
transitions from hb(2P) to lower bottomonium states are taken into account. Namely, the 
hb(2P) resonance has the decay mode hb(2P) — > r]T(lS), which is kinematically forbidden 
for the /ift(lP) and has no heavy-quark-spin analog for the Xbi(2P) state. We argue that 
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the branching fraction for this decay, although uncertain, can be significant (up to 0(10%)), 
which would further reduce the fractional probability remaining for the annihilation decays 
of h b (2P). 

The absolute rates of the transitions between the P- and .S-wave states of the spin-singlet 
bottomonium are related to those for the spin-triplet states by heavy quark spin symmetry 
within the nonrelativistic description of the bb system. The rates of the radiative electric- 
dip ole transitions are related as 

T[h b (kP) 77 6 (0 7 ] = ^T[ Xbl (kP) T(nS) 7 ] , (1) 

U kn3 

where Uk n \ {ojknz) is the photon energy in the transition between the spin-singlet (spin-triplet) 
states, u Using Eq.flT]) one readily estimates 

T[h b (lP) -> V b(lS)j] « 1.5r[ X6 i(LP) T(LS) 7 ]; 

T[h b (2P) ^ Vb (lS) 7] « 1.25r[x 6 i(2P) -> T(15) 7]; 

r> 6 (2P) ->7? 6 (2S , ) 7 ] « 1.44r[x6i(2P) -> T(2S) 7 ] . (2) 

Unlike the IP states, the heavier 2P ones also undergo hadronic transitions to lower 
levels of bottomonium. Two types of such transitions, with emission of either u resonance 
or two pions, are common for Xbi{2P) and h b (2P) and their absolute rates can be related: 

T[h b (2P) -> Vb (lS)u] = ^T[ Xb i(2P) -+ T{lS)u] « 2.6r[ Xw (2P) T(lS)u] , (3) 

where p^i (p^) is the u momentum in the transition between the spin-single (spin-triplet) 

states, and 

T[h h (2P) -+ h b {\P) tttt] « r[ X6 i(2P) ^ X6i(lP) H . (4) 

Indeed, both types of transitions are induced by the chromo-electric dipole interaction of the 
heavy quark pair with soft gluon field. The former transition arises in the third order in this 
interaction [B], while the two-pion emission arises in the second order [7]. In either process 
the heavy quark spin decouples, and the relation (j3J) takes into account the difference in 
the phase space of the S'-wave processes, which difference is quite essential, since the decay 



1 In a strict sense, the account for the difference in the factor uj 3 is beyond the accuracy of the lowest order 
in the breaking of the heavy quark spin symmetry. However we follow the tradition of including this factor, 
since this factor is dictated by the QED gauge invariance, and since the effect of the spin-dependence is 
somewhat enhanced in this factor. Our conclusions would not change qualitatively, if this factor is omitted. 
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Xbi(2P) — > T(lS)u is close to the threshold. In Eq.(j2]) any kinematical difference can be 
neglected since the energy released in the two related decays is essentially the same within 
the (small) experimental uncertainty. 

Using the relations 02]), (IS]) and (jl]) one can readily find the estimates for the branching 
fractions for the yet unobserved hadronic transitions in terms of the experimentally measured 
quantities: 

B[h b (2P) ^ Vb (lS) u) = 

T[h b (2P) ->■ Vb (lS)co] T[ Xb i(2P) -> T(2S) 7 ] B\ Xbl (2P) -> T(lS)m] 
T[ Xbl (2P)^T(lS)oj] r[/i b (2P)^r /6 (25) 7 ] B[ Xbl (2P) -+ T(2S) 7] * 
B[h b (2P) -> Vb (2S) 7] « (7 ± 2)% , (5) 

where the uncertainty is in fact dominated by the experimental errors in B[ Xb \{2P) — > 
T(IS') u], and 

B[h b (2P) ^ h b (lP) 7T7T] = 

T[h b (2P) -» /i fc (lP)7T7r] r[ X 6i(2P) -» T(2S) 7 ] gfctigP) -> Xfci(l^)H . 
r[ X6 i(2P) ^ x w (lP)H r[/i 6 (2P) ^ r/ 6 (25) 7 ] B[ Xbl (2P) ^ T(25) 7 ] 
B[/i 6 (2P) r] b (2S) 7] w (1.5 ± 0.3)% , (6) 

With these estimates one can evaluate the balance of the total widths of the discussed 
bottomonium states and test whether the remaining fraction of the decays of the h b (2P) 
resonance can be made compatible with the expected similarity between the annihilation 
decay rates of the P-wave states. In doing so one can notice that for the lower P-wave 
levels the annihilation decay and the discussed radiative transitions Xb i(lP) — > T(1S) 7 and 
h b (lP) —> T]b(lS) 7 exhaust the total probability of decay, modulo extremely minor decay 
modes like e.g. Xb \{lP) —> Xfco7, or h b (lP) — >■ T(1S) ir°, which can be safely neglected. For 
the Xb i(2P) state the discussed hadronic transitions to lower bottomonium with emission 
of bj or two pions also contribute to the total decay rate. However, their total contribution 
is at the level of about two percent and can be readily taken into account (or neglected 
altogether). The counting is apparently somewhat different for the h b (2P) state. Indeed, as 
estimated in Eqs. (jSJ) and ([6]) the u and two-pion transitions can contribute together about 
8.5% of the total decay rate, which is not negligible compared to the fraction remaining after 
accounting for the radiative decays. Furthermore we will argue that a potentially significant 
additional contribution can arise from the transition h b (2P) — > T(lS)rj, further reducing 
the estimated annihilation rate for the h b (2P) resonance. We thus use here the following 
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numbers for the annihilation branching fraction B ann in the evaluation of the balance of 
decay rates of the discussed P-wave states: 

B ann [ Xbl {lP)} = 1 - B[ Xbl {lP) -> T(1S) 7] = (66.1 ± 2.2)% ; 
B ann [ Xb x(2P)} = 1 - B[ Xb i(2P) -> T(1S) 7] - B[ Xbl (2P) T(2S) 7] 
-B[ XbX (2P)^T{lS)u\-B[ Xbl {2P)^ Xbl {lP) tttt] = (68.4 ±2.1)% ; 
B ann [h h {lP)\ = 1 - B[h b (lP) -> Vb (lS) 7] = (50.8 ± 8)% ; 

B ann [h b (2P)] + B[h b (2P) T(1S) rj\ = 1 - B[A 6 (2P) -> ^(15) 7] - B[A 6 (2P) -> r/ 6 (2S) 7] 
-£[/i 6 (2P) ^(15) w] - B[/i 6 (2P) ->■ M1P) H ~ (22 ± 15)% . (7) 

Using these numbers and the relations fl2]) between the radiative decay rates one can 
estimate the following 'ratio of the ratios' of the absolute decay rates: 

{T ann [h b (2P)} + T[h b (2P) -» T(1S) r,}} /T ann [h b (lP)} 

T a nn[ X bl(2P)]/T ann [ Xbl (lP)} ' 1 J 

If the similarity of the annihilation decay of the P-wave states holds, the quantity r should 
be equal to one if the rate of the decay h b (2P) — > T(1S) r] is negligible, and in general should 
be greater than one. The value of r corresponding to the current data can be estimated by 
rewriting it as 

= {B ann [h b (2P)} + B[h b {2P) -» T(lS)ri]}/B[h b (2P) -> r/ b (2S) 7 ] 

B ann [h b (lP)]/B[h b (lP) r/ 6 (15) 7] X 
S ann [ X61 (lP)]/B[ X6 i(lP) T(15)T] 



B an „[ X61 (2P)]/B[ X6 i(2P) T(2S) 7 ] 
r[^ fe (2P) -> ^(25)7] r[x6i(lP) T(15) 7 ] 



0.25 ±0.25. (9) 



T[ Xw (2P) -> T(2S)j] T[h b (lP) 7^(15)7] 
Clearly this estimate of r shows that the current data on the radiative decays of h b (lP) and 
(especially of) h b (2P) are on the verge of a dramatic contradiction with the similarity of 
annihilation processes of the P-wave states of bottomonium. The disagreement may become 
even worse if the contribution of the decay h b {2P) — > T(lS)rj in the last line in Eq.(J7J) is 
not small. 

Within the multipole expansion in QCD E] the transition h b (2P) — > Y(IS') r\ arises as 
a combined effect of the chromoelectric dipole (PI) and the chromomagnetic dipole (Ml) 
interaction described by the following terms in the effective Hamiltonian 

H EX = -U a r-E a , Pf M1 = -J-£ a (A-P a ) (io) 
2 2m b 



4 



where £ a = tf± — 1% is the difference of the color generators acting on the quark and antiquark 
(e.g. t\ = X a /2 with A a being the Gell-Mann matrices), r is the vector for relative position of 
the quark and the antiquark, A = {jj b — ff b )/2 is the difference of the spin operators for the 
the quark and antiquark. Finally, E a and B a are the chromoelectric and chromomagnetic 
components of the gluon field strength tensor. The assumed here normalization convention 
is that the QCD coupling g is absorbed into the definition of the gluon field strength. 

The presence of the heavy quark mass in the denominator in Hmi reflects the fact that the 
spin-dependent chromomagnetic interaction is suppressed by the heavy quark spin symmetry. 
In the considered process of emission of the 77 meson this suppression however is somewhat 
compensated [HI \TU\ by the enhancement due to the axial anomaly relation (TTJ [12] : 




e^( V \G"GU0) = 16n\-f v ml, (11) 



where f v is the r\ 'decay constant', equal to the pion decay constant f w ~ 130 Me V in the 
limit of exact flavor SU(3) symmetry, and F n is likely to be larger due to effects of the SU(3) 
violation. 

The calculation of the transition rate is fully analogous to that for the T(3S) — > h b (lP) 7r° 
decay in Ref. [10] (also in the review [13]), and the resulting expression can be written as 

T[h b {2P)^T{lS)rj\=(^f v m^ |/(2P^15)| 2 ^, (12) 

where p v is the momentum of the r\ meson and I(2P — > IS) is the heavy quarkonium matrix 
element: 

I(2P — > 15) = — (lS\Qsr + rQ P \2P) (13) 
m b 

containing the partial- wave Green function of the heavy quark pair Q$ and Qp in the color 
octet state. 

Currently the matrix element (Tl3l) cannot be evaluated with any reliability, and one has 
to resort to indirect arguments. In particular, the rate of the discussed transition can be 
compared to that of a similar decay T(35) — » hb(lP) tt°. The latter decay involves isospin 
violation, which in terms of the chiral anomaly is expressed through the difference of the 
masses of the u and d quarks. The relation between the rates of these two processes takes 
the form 

2 



T[h b (2P) -> T(1S) V ] 1 (m u + m d f v m< 



T[?(3S) -)• h b (lP) vr°] 3 \m u - m d f w 



\ 2 

] El 


I(2P -> 15) 




J(35 -)• IP) 
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1.3 x 10 3 x 



I(2P 15) 2 



(14) 



I(3S -> IP) 

where the numerical value corresponds to (m^ — m u )/(md + mj = 0.3 and f v = f n . 

If the BaBar evidence [2] for the decay T(35) — >■ hb(lP) 7r° is taken at face value, their 
signal corresponds to the absolute rate of this transition in the ballpark of 20 eV. Thus if the 
matrix elements in Eq. (114p for the 2P — > IS and 3S — > IP transitions were the same, the 
absolute rate of the decay h h {2P) — >■ Y(IS') r\ would be about 25keV and would thus exceed 
the estimate \3\ (~ 15keV) for the rate of the radiative transition hb(2P) — > r]b(2S)^f. One 
can possibly argue, however, that the spatial size of the initial and the final bottomonium 
states in the transition 2P — > IS is smaller than in 3S — > IP, so that the amplitude 
I{2P — » IS) should be somewhat suppressed as compared to I{3S — > IP) (although this 
argument does not take into account the possible effect of an extra oscillation in the 3S wave 
function). Allowing a factor of ~ 1/2 1/3 for this suppression one can very approximately 
estimate the rate T[hb(2P) — > T(1S')?7] to be about one quarter of T[hb(2P) — > ^(2S') 7] 
within a factor of two or so, corresponding to B[h b {2P) — > T(1S) rf\ ~ 0(10%). 

It is quite clear that the presented arguments involve a great uncertainty, and for this 
reason it would be very interesting if the transition hb{2P) — > T(lS)r] could be found in 
the existing Belle data at the T(55') energy, or an upper limit on the branching fraction 
for this process could be established. As is argued in this paper, the current data result 
in the estimate in Eq.([9]) which is in a really poor agreement with the 'parton' picture of 
annihilation of the P-wave bottomonium, even if the contribution of this decay is negligible. 
An observation of the transition h\,{2P) — > T(1S) rj at a noticeable level would make the 
situation with the (non) similarity of the annihilation of the spin-singlet and spin-triplet 
J = 1 bottomonium states quite dramatic and present an interesting riddle for theoretical 
interpretation. 
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